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HDL is a major atheroprotective factor, but the mechanisms underlying this effect are still
obscure. HDL binding to scavenger receptor-BI has been shown to activate eNOS, although the
responsible HDL entities and signaling pathways have remained enigmatic. Here we show that
HDL stimulates NO release in human endothelial cells and induces vasodilation in isolated aor-
tae via intracellular Ca?* mobilization and Akt-mediated eNOS phosphorylation. The vasoactive
effects of HDL could be mimicked by three lysophospholipids present in HDL: sphingosylphos-
phorylcholine (SPC), sphingosine-1-phosphate (S1P), and lysosulfatide (LSF). All three elevated
intracellular Ca?* concentration and activated Akt and eNOS, which resulted in NO release and
vasodilation. Deficiency of the lysophospholipid receptor S1P; (also known as LPB; and EDG3)
abolished the vasodilatory effects of SPC, S1P, and LSF and reduced the effect of HDL by approx-
imately 60%. In endothelial cells from S1P3-deficient mice, Akt phosphorylation and Ca?* increase
in response to HDL and lysophospholipids were severely reduced. In vivo, intra-arterial adminis-
tration of HDL or lysophospholipids lowered mean arterial blood pressure in rats. In conclusion,
we identify HDL as a carrier of bioactive lysophospholipids that regulate vascular tone via S1P;3-
mediated NO release. This mechanism may contribute to the vasoactive effect of HDL and repre-
sent a novel aspect of its antiatherogenic function.

J. Clin. Invest. 113:569-581 (2004). doi:10.1172/JC1200418004.

Received for publication January 31, 2003, and accepted in revised form
November 25, 2003.

Address correspondence to: Bodo Levkau,

Institut fir Pathophysiologie, Zentrum fiir Innere Medizin,
Universititsklinikum Essen, Essen, Germany.

Phone: 49-201-723-4480; Fax: 49-201-723-4481;

E-mail: bodo.levkau@medizin.uni-essen.de.

Jerzy-Roch Nofer and Markus van der Giet contributed equally to
this work.

Conflict of interest: The authors have declared that no conflict of
interest exists.

Nonstandard abbreviations used: scavenger receptor-BI

(SR-BI); human umbilical vein endothelial cell (HUVEC);
sphingosylphosphorylcholine (SPC); sphingosine-1-

phosphate (S1P); lysosulfatide (LSF); phenylephrine (PE);
nitro-L-arginine methyl ester (L-NAME); mean arterial blood
pressure (MAP); intracellular Ca?* concentration ([Ca?'];);
pertussis toxin (PTX).

Introduction

Injury of the vascular endothelium is a critical eventin
the pathogenesis of atherosclerosis. The endothelium
has pleiotropic physiological activities that are directly
or indirectly involved in atheroprotection: it regulates
the adhesion and extravasation of leukocytes, modu-
lates the proliferation of VSMCs, contributes to the
maintenance of nonthrombogenic surfaces, and regu-
lates vasomotor tone (1). Production of NO is believed
to be integral to many of these functions. Consequent-
ly, dysfunction of the endothelium due to limited NO
availability accelerates recruitment of macrophages
into the vascular wall, promotes thrombosis, and
impairs vasodilation in response to various stimuli (2,
3). Impairment of endothelial vasodilator functions
has been demonstrated in subjects with coronary heart
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disease even in the absence of clinical symptoms (4). In
animals on a high-cholesterol diet, progressive deterio-
ration of endothelium-dependent relaxation could also
be observed, which could be reversed by supplementa-
tion with L-arginine, an NO precursor (5).

Numerous epidemiological and clinical studies have
documented an inverse relationship between HDL lev-
els and the progression of atherosclerosis. However, the
mechanisms by which HDL exerts its powerful anti-
atherogenic effect are still not entirely clear. The endo-
thelium is a key target of HDL action: HDL amelio-
rates the inhibitory effects of oxidized LDL on vascular
reactivity, and endothelium-dependent vasorelaxation
is directly associated with HDL levels (reviewed in ref.
6). However, it remains unclear whether the vasoactive
effects of HDL result from its specific interaction with
the endothelium or rather reflect its ability to prevent
LDL oxidation and increase the antioxidant capacity
of the plasma. Recently, HDL has been shown to stim-
ulate NO release through activation of eNOS via inter-
action with the scavenger receptor-BI (SR-BI) (7, 8).
However, the HDL component known to bind to SR-
BI, apoAlI, had no effect, which leaves the identity of
the HDL-associated entities responsible for its vaso-
dilatory effect, as well as the signaling pathways in-
volved, still enigmatic.

In this study, we provide evidence that HDL-associat-
ed lysophospholipids mediate the vasodilatory effect of
HDL via Akt-mediated activation of eNOS both in vitro
and in isolated mouse and rat aortae. We further show
that HDL and the lysophospholipids induce vasodila-
tion in rats in vivo. In addition, we identify the lysophos-
pholipid receptor S1P; as an integral component of
HDL- and lysophospholipid-mediated vasodilation.

Methods

Cell culture and isolation of neonatal vascular endothelial cells
from the murine beart. Human umbilical vein endothelial
cells (HUVECs) were isolated from human umbilical
cords and cultured in RPMI 1640 supplemented with
15% calf serum, 0.4% bovine pituitary brain extract
(GIBCO BRL, Karlsruhe, Germany), and 50 pg/ml
heparin. Murine neonatal heart endothelial cells were
isolated as previously described (9). Briefly, ten mouse
pups at the age of 2 days were decapitated and the
hearts were collected. The hearts were washed in isola-
tion buffer (116 mmol/l NaCl, 20 mmol/l HEPES, pH
7.0, 1 mmol/l NaH,PO,4, 5 mmol/1 KCl, 0.8 mmol/l
MgSOy, and 5.5 mmol/l glucose) and minced with ster-
ile razor blades. The hearts were digested with a solution
of 10 ml 0.2% collagenase B and 0.005% DNase (Roche
Applied Science, Mannheim, Germany) in RPMI 1640
medium and incubated for 45 minutes at 37°C with
occasional shaking. After incubation, the solution was
pipetted up and down five to ten times to disperse the
tissue. The supernatant was transferred into a fresh tube
to pellet the cells (200 g for 10 minutes). The pellet was
resuspended in 2 ml 40% Percoll (vol/vol; Amersham
Biosciences Europe, Freiburg, Germany) in PBS and

overlaid consecutively with 25% Percoll (vol/vol) and 2
ml PBS. The gradient was centrifuged at 400 g for 15
minutes. Endothelial cells located at the interphase of
25% and 40% Percoll were removed, washed with PBS,
and cultured in endothelial cell medium on gelatin-
coated dishes. The cells express endothelium-specific
surface molecules such as vascular endothelial cadherin
and vWF, as demonstrated by FACS analysis.

Isolation of lipoproteins, apolipoproteins, HDL lipid, HDL
protein, and lysophospholipids. HDL (d = 1.125-1.210 g/ml)
was isolated from human plasma as described (10).
Lipid-free apoAl was isolated by reverse-phase HPLC as
previously described (11). To obtain the lipid fraction of
HDL, 0.1 ml of native HDL (10 g/1) was diluted with 0.9
ml water, adjusted to pH 3.0 with sulfuric acid, and sub-
sequently mixed with 1.0 ml acetonitrile. After addition
of 0.5 g NaCl, the sample was centrifuged for 5 minutes
at 800 g. The upper organic phase (arbitrarily called the
HDL lipid fraction) was dried, dissolved in ethanol, and
rapidly injected into PBS while vortexing. This fraction
was used for cell stimulation in amounts indexed to the
original HDL concentration. Sphingosylphosphoryl-
choline (SPC), sphingosine-1-phosphate (S1P), and
lysosulfatide (LSF) were purchased from Sigma-Aldrich
Chemie GmbH (Taufkirchen, Germany).

Western blotting. HUVECs were lysed in 0.18 mol/l
Tris-HCI, 0.15 mol/1 NaCl, 10% (vol/vol) NP-40, 5%
(vol/vol) sodium deoxycholate, 1% (vol/vol) SDS, 50
mmol/l NaF, 1 mmol/l EGTA, 1 mmol/l orthovana-
date, and Complete protease inhibitor cocktail (Roche
Applied Science). Cell lysates (50 pg) were subjected
to SDS-PAGE and proteins were transferred to PVDF
membranes. After blocking in 5% nonfat dry milk in
Tris-buffered saline for 1 hour, the membranes were
incubated overnight with specific antibodies. The
antibody to eNOS was purchased from Pharmingen
(San Diego, California, USA). Anti-phospho-Akt
and anti-phospho-eNOS antibodies for Western
blotting were from New England Biolabs Inc.
(Schwalbach, Germany).

Metabolic labeling with [32P Jorthophosphate and immuno-
precipitation of eNOS. Confluent HUVECs in 10-cm
dishes were incubated in phosphate-free RPMI con-
taining 0.1 mCi/ml of [3?P]orthophosphate (ICN Bio-
medicals Inc., Eschwege, Germany) at 37°C for 4 hours
and then stimulated with agonists. Cells were then
washed twice with ice-cold PBS and scraped into 0.5
ml lysis buffer containing 1% Triton X-100, 50 mmol/I
Tris-HCI pH 7.5, 150 mmol/l NaCl, 2 mmol/l EDTA, 8
mmol/l EGTA, 25 mmol/l NaF, 10 mmol/l Na,P,0, 1
mmol/l NazVO,, 5 pg/ml leupeptin, 5 pug/ml pep-
statin, 5 wg/ml aprotinin, and 0.5 mmol/l PMSF. For
immunoprecipitation, 2 g monoclonal anti-eNOS
antibody was incubated with 500 pg cell lysate in a
total volume of 500 ul overnight followed by incuba-
tion with protein G-sepharose (40 pl slurry) for 2
hours. After extensive washing (five times), beads were
taken up in fourfold SDS sample buffer and boiled,
and the proteins were separated by SDS-PAGE and
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transferred to PVDF membranes. Phosphorylation of
eNOS was analyzed by autoradiography, after which
Western blotting for eNOS was performed to ensure
equal amounts of immunoprecipitated protein.

Fluorescence microscopy. For detection of intracellular
NO generation, the NO-sensitive fluorescence dye DAF-
2DA (Merck Biosciences, Schwalbach, Germany) was
applied as described (12). Briefly, HUVECs (1.2 x 10°
cells) were plated on gelatin-coated coverslips (diameter
12 mm) and incubated for 120 minutes in RPMI con-
taining 1% FCS (vol/vol). DAF-2DA was added for the
final 30 minutes of incubation. Cells were washed and
stimulated with HDL or lysophospholipids for 10 min-
utes in the presence or absence of inhibitors. Reactions
were stopped by fixing the cells in 2% paraformaldehyde
(vol/vol) for 5 minutes at 4°C. Coverslips were exam-
ined with a fluorescence microscope equipped with an
excitation filter (470-490 nm), a dichroic mirror (505
nm), and an emission filter (515 nm).

Arterial relaxation studies. The direct effects of HDL,
SPC, S1P, and LSF on arterial relaxation were evaluat-
ed in 2-mm rings of thoracic aortae from 3-month-old
female Wistar rats (Charles River Laboratories,
Sulzfeld, Germany), 3-month-old female C57BL/J6
mice (Charles River Laboratories), eNOS-null male
mice and WT littermates (A. Godecke), and S1Ps-null
mice and WT littermates (J. Chun.) (13, 14). The wall
tension of the vasculature was measured in rat and
mouse aortas using established methodology (15). Aor-
tae from both species displayed reliable NO-related
responses. Following equilibration and submaximal
precontraction with phenylephrine (PE) (1 x 10-° mol/l),
relaxation to 1 X 10~ mol/l acetylcholine was tested to
confirm the integrity of the endothelium. After wash-
ing, rings were again contracted with PE and the direct
effects of HDL, various fractions of HDL compounds,
SPC, S1P, and LSF were assessed. At the end of the
experiment, the relaxation response to acetylcholine
was confirmed. Selected studies were performed in
rings treated with nitro-L-arginine methylester (L-NAME;
50 umol/1), SKF-525A (50 umol/l), or indomethacin
(10 umol/l) added 10 minutes before PE exposure. The
maintenance of functional smooth muscle cell integri-
ty after manipulation was confirmed by evaluation of
endothelium-independent relaxation to sodium
nitroprusside (1 X 10 mol/I). All animal experiments
were approved by the Landesamt fiir Gesundheit,
Erndhrung und technische Sicherheit Berlin (LAGETSI)
ethics committee.

Measurement of mean arterial blood pressure after intra-
arterial administration of HDL and lysophospholipids. Mean
arterial blood pressure (MAP) was measured in WKY
rats (300 g, 16 weeks old) as previously described (16).
Vascular tone was elevated by intravenous administra-
tion of endothelin (500 ng + 1,000 ng/h per 300-g rat).
HDL (1 mg), SPC (200 nmol), S1P (200 nmol), and LSF
(200 nmol) were administered intra-aortically via the
left carotid artery. Acetylcholine (200 nmol) was
applied to control for intact endothelial function.

Immunobistochemistry. Aortic segments from Wistar
rats were mounted in a small vessel myograph as
described above and perfused with a medium contain-
ing 0.5 mg/ml HDL for 10 minutes. Samples were fixed
immediately in buffered 4% formalin, embedded in
paraffin, and stained with hematoxylin and eosin.
Immunostaining was performed with a polyclonal
phospho-Ser!177-eNOS antibody (Upstate, Hamburg,
Germany; 1:100) overnight at 4°C after wet autoclav-
ing of the sections with 0.01 mol/I citrate buffer (pH
6.0) for 10 minutes. Detection was performed using a
mouse anti-rabbit bridging antibody (1:125; 30 min-
utes at room temperature) followed by a monoclonal
mouse APAAP complex (1:100; 60 minutes at room
temperature). The enzyme reaction was developed in
fuchsine solution containing levamisole and counter-
stained with hematoxylin.

Determination of lysophospholipids in HDL. S1P levels
were determined as described (17). Briefly, 1 ml
methanol containing 2.5 pl concentrated HCI was
added to 100 pl of HDL suspension (13.1 mg HDL per
1 ml buffer). Dihydro-S1P (50 pmol) was added, and
lipids were extracted by addition of 1 ml chloroform
and 200 pl NaCl (4 mol/l). For alkalization, 100 ul
NaOH (3 mol/l) was added. The alkaline aqueous
phase was transferred into a siliconized glass tube,
and the organic phase was re-extracted with 0.5 ml
methanol, 0.5 ml NaCl (1 mol/l), and 50 ul NaOH (3
mol/l). The aqueous phases were combined, acidified
with 100 pl concentrated HCI, and extracted twice
with 1.5 ml chloroform. The organic phases were
evaporated, and the dried lipids were dissolved in 275
pl of a mixture of methanol 0.07 mol/l K,HPO, (9:1).
A derivatization mixture of 10 mg o-phthaldialde-
hyde, 200 pl ethanol, 10 pl 2-mercaptoethanol, and 10
ml boric acid (3%, vol/wt) was prepared and adjusted
to pH 10.5 with KOH. Twenty-five microliters of the
derivatization mixture was added to the resolved
lipids and this was incubated for 15 minutes at room
temperature. The derivatives were analyzed with a
Merck-Hitachi LaChrom HPLC system (Merck-
Hitachi, Darmstadt, Germany) using an RP 18 Kro-
masil column (Chromatographie Service GmbH,
Langerwehe, Germany). Separation was done with a
gradient of methanol and K;HPO4 (0.07 mol/1) (17).
The recovery of S1P was calculated using dihydro-S1P
as a standard (17). To verify that no other substances
were coincidentally overlapping the S1P peak, sam-
ples were incubated with alkaline phosphatase, which
effectively cleaved the phosphate groups from S1P
and dihydro-S1P. Treatment of standard and HDL
samples with this enzyme resulted in an almost 90%
decrease of S1P and dihydro-S1P peaks (data not
shown). For digestion experiments with alkaline
phosphatase, 50 units of enzyme in 450 ul of buffer
containing 200 mmol/l Tris-HCI, pH 4.5, and 75
mmol/I MgCl, in glycine (2 mol/l, pH 9.0) were added
to the combined alkaline aqueous phases of the lipid
extraction and incubated for 30 minutes at 37°C.
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Then, 100 pl of concentrated HCI was added and
lipids were extracted twice with 1.5 ml chloroform.
To measure SPC content in HDL, 20 pl of isolated
HDL (10 mg protein/ml) was diluted with 400 ul PBS
(0.01 mmol/l) and applied to a 100-mg Isolute HCX-Q
SPE column (Separtis GmbH, Grenzach-Wyhlen, Ger-
many). After the column was washed with 1 ml
PBS/methanol (80:20, vol/vol), SPC was eluted with
500 pl methanol containing 1% HCI, which was then
evaporated to dryness. The dried sample was dissolved
in 100 ul methanol with 10 pl of OPA reagent (0.5 mg
o-phthaldialdehyde, 1 ml methanol, 100 ul mercap-
toethanol, 900 pl of 0.4 mol/l borate buffer, pH 8.5)
and incubated at room temperature for 15 minutes.
After evaporation, the sample was dissolved in
methanol and 10 pl was injected on a Kontron model
522 liquid chromatograph interfaced with an SFM 25
fluorescence detector (Kontron AG, Neufahrn, Ger-
many). The excitation and emission wavelength of the

detector was set at 335 nm and 420 nm, respectively.
Reverse-phase chromatography was carried out on a 3-
pm Spherisorb ODS2 column (100 mm length X 6.6
mm internal diameter) (Waters GmbH, Eschborn, Ger-
many) with a flow rate of 0.5 ml/min and an eluent
composition of methanol-tetrahydrofuran-acetate
bufter, pH 4.8 (85:10:5, vol/vol/vol).

Determination of intracellular Ca?* concentration. Intracel-
lular Ca?* concentration ([Ca?'];) measurements were
performed using the Ca?*-sensitive fluorescence probe
Fura2-AM according to established methods (18).
Briefly, HUVECs (1 x 10° cells/ml) were loaded with
Fura2-AM (S umol/l) for 60 minutes at 37°C. The fluo-
rescence intensity was recorded at 37°C using the F2000
spectrofluorophotometer (Hitachi Ltd., Tokyo, Japan)
with alternate excitation wavelengths of 340 nm and 380
nm (bandwidth, 5 nm) and an emission wavelength of
510 nm (bandwidth, S nm). [Ca?*]; was calculated as pre-
viously described (18).
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Figure 1

HDL induces vasodilation in aortae from rats and mice in an eNOS-dependent manner. (a) Thoracic aortic rings from WKY rats were pre-
contracted with PE (1 X 10 mol/I, arrows), and direct relaxation responses to HDL (0.5 mg/ml) or HDL and .L-NAME (50 umol/l) were eval-
uated. Shown are representative tracings from one experiment of 16. (b) Cumulative findings (mean + SEM) for maximal relaxation in
response to 0.5 mg/ml HDL in the presence of L-NAME (50 umol/l), SKF-525A ((SKF, 50 umol/l), or indomethacin (Indo, 10 pmol/l) (n =6
each). *P < 0.01 vs. HDL. (c) HUVECs loaded with DAF-2DA were stimulated with 0.5 mg/ml| HDL in the absence or presence of L-NAME.
Cells were fixed and fluorescence was evaluated under a fluorescence microscope. Shown are representative results (n = 5). (d) Dose response
of the vasodilatory effect of HDL (n = 3). (e) Thoracic aortic rings from WT 129/C57BL/6 mice and eNOS~~ mice were precontracted with
PE, and direct relaxation responses to HDL (0.5 mg/ml) were measured. Shown are representative tracings from one experiment of six.
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Figure 2

HDL induces NO release and vasodilation via Akt-mediated eNOS phosphorylation in endothelial cells and in aortic segments. (a) Left panel:
[32P]orthophosphate-labeled HUVECs were stimulated with HDL (0.5 mg/ml) in the presence or absence of LY294002 (10 umol/l). Immuno-
precipitated eNOS (ip) was analyzed by autoradiography (n = 3), and amounts of immunoprecipitated protein were detected by Western blot-
ting. Phosphorylation of Akt at Ser*”® was determined in cell lysates with a phosphospecific antibody (n = 5). Right panel: Time-dependence of
HDL-induced eNOS and Akt phosphorylation at Ser''7” and Ser’3, respectively, as analyzed by densitometry (n = 3). (b) Following precontrac-
tion of thoracic aortic rings from WKY rats with PE (1 x 1076 mol/l, arrows), direct relaxation responses to HDL (0.5 mg/ml) in the absence or
presence of LY294002 (10 pmol/l) were evaluated. Shown are original tracings from one experiment of eight. (c) Aortic segments perfused with
0.5 mg/ml HDL were fixed and immunostained for phospho-Ser'77-eNOS. Arrows indicate phospho-eNOS staining in the endothelial lining
(original magnification, X200). (d) Fura2-AM-loaded HUVECs were stimulated with T mg/ml HDL in the presence or absence of BAPTA-2AM
(20 umol/1) or Ni?* (5 mM). [Ca?*];was measured by fluorescence spectroscopy. Original tracings from representative experiments were super-
imposed for comparison. (e) HUVECs loaded with DAF-2DA and preincubated with BAPTA-2AM (20 pumol/l) or Ni2* (5 mmol/I) were stimu-
lated with HDL (1 mg/ml) and observed under a fluorescence microscope. Shown are representative results for one experiment of three.

Results

HDL-induced vasodilation is dependent on eNOS in vitro and
in aortic segments. To examine the effect of HDL on vas-
cular tone, we added HDL to PE-precontracted rings of
rat thoracic aortae. HDL (0.5 mg/ml) caused a direct
45% relaxation of the PE-precontracted rings: PE alone
induced a maximal vasoconstriction of 14.0 + 1.0 mN,
which HDL was able to vasodilate by 6.3 + 0.7 mN; n = 14,
P < 0.01 (Figure la). This relaxation by HDL was
abolished by pretreatment with the eNOS antagonist
L-NAME, while indomethacin, an inhibitor of cyclo-
oxygenase, and SKF-525A, an inhibitor of cytochrome
P-450-dependent arachidonate metabolism, had no
effect (n = 6 each; Figure 1b). To examine whether HDL
has a direct effect on NO generation in vitro, we incu-
bated HUVECs with the NO-sensitive fluorescence dye
DAF-2DA and stimulated them with 0.5 mg/ml HDL
for 10 minutes (Figure 1c). This resulted in a substan-

tial increase in NO-dependent fluorescence intensity,
which was abolished by pretreatment with 10 pmol/1
L-NAME (Figure 1c). The vasodilatory effect of HDL
was concentration-dependent, with a maximum at 0.5
mg/ml (Figure 1d) and an ECso of 8.6 + 0.5 ug/ml. The
effect was also dependent on the presence of an intact
endothelium, as it was abolished after endothelial
denudation (data not shown). The HDL concentra-
tions used were in the range of those in vivo (0.8-1.2
mg/ml HDL protein is the approximate equivalent of
40-70 mg HDL cholesterol/dl).

To test for involvement of eNOS in the HDL-
induced vasorelaxing effect, we assessed the response
of PE-precontracted thoracic aortae from eNOS
knockout (eNOS7-) mice to HDL. While aortae from
WT and eNOS~7~ mice responded similarly to precon-
striction with PE (6.8 + 0.8 mN vs. 7.5 £+ 1.1 mN,
respectively; n = 12; no significant difference), HDL
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(0.5 mg/ml) caused relaxation only in aortae from
WT mice and not in aortae from eNOS~~ mice (Fig-
ure le): relaxation in response to HDL was 4.8 + 0.5
mN (n =6) (P <0.01vs. PE) in WT mice in contrast to
0.1 +0.3 mN (n = 6) (no significant difference vs. PE)
in eNOS~~ mice (Figure le).

HDL induces vasodilation via Akt-stimulated eNOS phos-
phorylation in endothelial cells and in aortic segments. As
we have recently shown that HDL induces Akt acti-
vation (11) and Akt can activate eNOS via phospho-
rylation of Ser!”” (19, 20), we examined whether
HDL-induced Akt activation in HUVECs results in
eNOS phosphorylation and NO generation. Incuba-
tion of cells with 0.5 mg/ml HDL after metabolic
labeling with [32P]orthophosphate substantially
increased 3?P incorporation into immunoprecipitat-
ed eNOS (Figure 2a). Preincubation with 10 pmol/l

LY294002, a selective inhibitor of Akt activation by
PI3K, substantially decreased both Ser73-Akt phos-
phorylation and 32P-eNOS amounts induced by HDL
(Figure 2a). Phosphorylation of eNOS at Ser!!77 was
examined with a phosphospecific anti-eNOS anti-
body and revealed maximal phosphorylation 30 min-
utes after stimulation with 0.5 mg/ml HDL, while
maximal Ser*73-Akt phosphorylation occurred after
10 minutes (Figure 2a).

To directly assess the role of Akt activation and
eNOS phosphorylation in HDL-induced vasorelax-
ation, the effects of HDL on PE-precontracted rat aor-
tae were examined in the presence of LY294002. Pre-
treatment with LY294002 potently reduced the
vasodilating effect of HDL by 62% (HDL alone: 6.3 + 0.8
mN, 7 = 8, vs. HDL + LY294002: 2.4 + 0.6 mN, 7 = 8;
P < 0.01) (Figure 2b). In the same aortic segments,
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Figure 3

HDL-associated lysophospholipids induce vasorelaxation in isolated arteries and NO production and eNOS phosphorylation in endothelial
cells. (a) Following precontraction of thoracic aortic rings from WKY rats with PE (1 x 10-° mol/l), measurements were taken of direct relax-
ation responses to HDL (0.5 mg/ml), the HDL-lipid fraction (Lipid, equivalent to 0.5 mg/ml HDL), the HDL protein fraction (Protein, equiv-
alentto 0.5 mg/ml HDL), apoAl (0.1 mg/ml), cholesterol (Chol, 10 umol/l), phosphatidylcholine (PC, 10 umol/l), and sphingomyelin (Sm,
10 umol/l). Cumulative findings (mean = SEM) for maximal relaxation in eight experiments are shown (*P < 0.01 vs. HDL). (b) HPLC pro-
file of S1P and dihydro-S1P separated on a reverse-phase C18 column after a two-step lipid extraction and derivatization with o-phthal-
dialdehyde (upper left panel) is shown beside a representative HPLC chromatogram of HDL after addition of dihdro-S1P (50 pmol) before
extraction procedures (upper right panel). HPLC chromatogram of o-phthaldialdehyde derivatives of SPC: 0.5 umol SPC standard (lower
left panel) and HDL (lower right panel). arb U, arbitrary units. (c) Following precontraction of thoracic aortic rings from WT 129/C57BL/6
mice (WT) or eNOS~~ mice with PE (1 x 10-% mol/l), direct relaxation responses to HDL (0.5 mg/ml), SPC (10 pmol/I), LSF (10 umol/l),
and STP (10 umol/l) were tested. Cumulative findings (mean + SEM) for maximal relaxation in eight experiments are shown (*P < 0.01 vs.
WT). (d) Following precontraction of thoracic aortic rings from WKY rats with PE, direct relaxation responses to different doses of SPC, S1P,
and LSF were measured. Cumulative findings (mean + SEM) for maximal relaxation in eight experiments are shown.
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Vasodilatory effects of HDL, SPC, STP, and LSF in vivo. Original trac-
ing of MAP in a rat with endothelin-induced elevation of MAP (500
ng bolus + 1,000 ng/h intravenously) after intra-aortic injection
(arrows) of HDL (1 mg), S1P (200 nmol), SPC (200 nmol), LSF (200
nmol), or acetylcholine (ACH, 200 nmol).

immunohistochemistry with an antibody against
phospho-Ser!177-eNOS revealed increased eNOS
phosphorylation in the endothelial lining after treat-
ment with HDL (Figure 2c).

Elevation of intracellular Ca?* concentration is an
important mechanism of eNOS activation and has
been shown to precede Akt-dependent eNOS activa-
tion and NO-dependent vasorelaxation (21-23). As
HDL has been reported to either increase or to have
no effect on [Ca?']; in endothelial cells in different
studies (24, 25), we examined the role of calcium in
HDL-induced NO generation. Incubation of HUVECs
with HDL led to a substantial elevation of intracellu-
lar Ca?* in HUVECs, leading to an increase of 94.5 + 15.5
nmol/l (n = 6) (Figure 2d). In the presence of the intra-
cellular Ca?* chelator BAPTA-2AM (20 umol/l) and
the nonselective blocker of Ca?" channels Ni?* (5
mmol/l), the increase of HDL-induced [Ca?*]; was sub-
stantially inhibited (11.6 + 5.6 and 32.3 + 4.7 nmol/I,
respectively, # = 6 each) (Figure 2d). When NO forma-
tion in response to HDL was measured by DAF-2DA
fluorescence, HDL-dependent NO generation was
suppressed after pretreatment of the cells with either
BAPTA-2AM (20 umol/l) or Ni?* (5§ mmol/l) (Figure
2e), suggesting that HDL induces NO formation in a
Ca?*-dependent fashion.

HDL and the HDL-associated lysophospholipids SPC, S1P,
and LSF induce vasorelaxation in aortic segments in vitro
and in adult rats in vivo. HDLs are complex molecules
that contain several biologically active proteins and
lipids. To determine HDL entities responsible for the
HDL vasodilating effect, we tested several different
components isolated from HDL for their ability to
decrease PE-induced constriction of aortic segments.
Neither the total protein fraction isolated from HDL
(0.5 mg/ml) nor the major apolipoprotein of HDL,
apoAl in its purified form (0.1 mg/ml), had any
effect. In contrast, the lipid fraction isolated from
HDL (equivalent to 0.5 mg/ml of native lipoproteins)
had a potent vasodilatory effect that was comparable
to that of native HDL (Figure 3a). This effect was
completely abolished in aortas pretreated with 10

umol/l L-NAME (Figure 3a). The major lipid compo-
nents of HDL such as cholesterol and sphingomyelin
had either no effect or even induced vasoconstriction
(as was the case for phosphatidylcholine) (Figure 3a),
suggesting that other lipids contained in this fraction
are responsible for the vasodilatory effect.

Recently we demonstrated that HDL serves as a car-
rier for bioactive lysophospholipids such as SPC and
LSF, and that these compounds protect HUVECs
against apoptosis through activation of Akt (11, 18).
Another lysophospholipid present in HDL is S1P (26),
which is also a potent Akt activator (21, 22, 27). Before
testing the effect of these lysophospholipids on vasore-
laxation, we quantitatively determined the amounts of
SPC and S1P in HDL using HPLC after a two-step lipid
extraction and derivatization with o-phthaldialdehyde
(Figure 3b). The total amounts of SPC and S1P were
290 + 20 pmol/mg and 287 + 17 pmol/mg HDL pro-
tein (n = 3), respectively (Figure 3b).

We then tested the effect of all three lysophospho-
lipids on the vascular contractile response. All three sub-
stances, SPC, S1P, and LSF (10 umol/I each), exerted a
potent vasorelaxing effect in PE-precontracted aortae
from WT mice that was comparable to the effect of
native HDL (Figure 3c). As with HDL, the vasorelaxing
effect was completely absent in aortae from eNOS~~
mice (Figure 3c). All three lysophospholipids (SPC, S1P,
LSF) induced a dose-dependent vasodilation in isolated
aortae with a similar ECsg [-log/mol] (SPC = 7.7 + 0.1;
S1P=7.6+0.4;LSF = 7.5 £ 0.1) (Figure 3d).

To test whether HDL and the lysophospholipids
contained in HDL have an effect in vivo, we measured
the influence of HDL, SPC, S1P, and LSF on MAP in
Wistar rats. To achieve an initial increase in MAP,
endothelin was infused intravenously (500 ng bolus +
1,000 ng/h per 300-g rat). This resulted in a significant
rise in MAP, from 110.0 + 6.2 mmHg to 139.7 + 7.2
mmHg (n = 12). Intra-arterial administration of 1 mg
HDL significantly reduced MAP by 9.9 + 2.1 mmHg,
while intra-arterial administration of 200 nmol LSF,
SPC, or S1P significantly reduced MAP by 15.9 + 4.3
mmHg, 20.9 + 5.4 mmHg, and 17.6 + 4.9 mmHg,
respectively (Figure 4).

The lysophospholipid receptor S1Ps; mediates eNOS activa-
tion and vasorelaxation induced by HDL and HDL-associ-
ated lysophospholipids: loss of vasorelaxation in S1Ps-defi-
cient mice. We next investigated the effect of SPC, S1P,
and LSF on eNOS phosphorylation and NO genera-
tion in HUVECs. In Western blots using phosphospe-
cific antibodies, there was a marked Ser!!”” phospho-
rylation of eNOS and Ser*”3 phosphorylation of Akt
by 0.5-10 uM SPC, S1P, and LSF, with a maximum
occurring between 15 and 30 minutes after stimula-
tion (Figure 5a). All three lysophospholipids potently
enhanced NO-dependent fluorescence in DAF-2DA-
loaded HUVECs (Figure 5b), revealing NO generation
by all three agents. The effect was completely abol-
ished after pretreatment with 10 umol/l L-NAME
(data not shown). Moreover, addition of SPC, S1P, or
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LSF (10 umol/l each) to endothelial cells led to an
increase in [Ca?'];by 85+ 5.4,82.3+6.7,and 91.3 + 6.8
nmol/l (n = 3 each), respectively. The effects of SPC,
S1P, and LSF on Akt and eNOS phosphorylation as
well as on Ca2?* mobilization were concentration-
dependent (Figure 5,a and d).

SPC and LSF are structurally and biologically relat-
ed to S1P, a lysophospholipid that plays an impor-
tant role in a number of fundamental cellular
processes (28). S1P exerts its physiological effects by
activating its cognate high-affinity G protein-cou-
pled receptors S1P; through S1P 5 (S1P;_s), resulting
in the activation of different subsets of heterotri-
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meric G proteins including Gg, Gij, and Giziz
(29-31). SPC has been shown to act on several of
these receptors as well. To test whether G protein-
coupled receptor signaling by HDL and HDL-asso-
ciated lysophospholipids is involved in their effects
on NO generation and vasodilation, we preincubat-
ed HUVECs with pertussis toxin (PTX), an irre-
versible Gj activation blocker, prior to stimulation
with HDL, SPC, S1P, and LSF. PTX (100 ng/ml)
almost completely prevented phosphorylation of
Akt at Ser*”® and eNOS at Ser!1”7, respectively, 10
minutes after stimulation by HDL and each of three

lysophospholipids (Figure 5a).
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Figure 5

Lysophospholipid signaling mediates HDL-, SPC-, S1P-, and LSF-induced Akt and eNOS phosphorylation as well as [Ca?"]; increase. (a)
HUVECs were stimulated with HDL (0.5 mg/ml) or with 10 umol/l each (left) or 0.5-5 wmol/l each (right) SPC, S1P, and LSF, with or with-
out preincubation with 100 ng/ml PTX for 16 hours. “PTX control” indicates PTX treatment alone. Cell lysates were analyzed for phos-
pho-Ser#73-Akt (p-Ser#3-Akt) and phospho-Ser''77-eNOS by Western blotting. Loading controls for total eNOS and total Akt content are
shown. All results are representative of one experiment of three. (b) HUVECs loaded with DAF-2DA were stimulated with SPC, S1P, and LSF
(10 umol/l each) and observed under a fluorescence microscope. Shown are representative results for one experiment of three. (c) Fura2-
AM-loaded HUVECs were stimulated with SPC, S1P, and LSF (10 umol/l each), and [Ca?*]; was measured by fluorescence spectroscopy.
Original tracings from representative experiments were superimposed for comparison. (d) Concentration dependence of [Ca?*]; increase in
HUVECs stimulated with SPC, S1P, and LSF measured as described in c.
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Figure 6

Role of STP; in the vasorelaxation induced by HDL and HDL-associated lysophospholipids. (a) Following precontraction of thoracic aortic
rings from WT and S7P57~ mice with PE (1 X 107 mol/l), direct relaxation responses to HDL (0.5 mg/ml), SPC (10 wmol/I), LSF (10 umol/I),
and S1P (10 pmol/l) were tested. Cumulative findings (mean + SEM) for maximal relaxation in eight studies are shown (*P < 0.01 vs. same
treatment in WT animals). (b) Vasorelaxation in response to different acetylcholine (Ach) concentrations in aortic rings from WT mice com-
pared with STP;7/~ mice. (c) Fura2-AM-loaded mouse cardiac endothelial cells from WT and S7P5/~ mice were stimulated with HDL (1 mg/ml)
or SPC, LSF, and S1P (10 uM each), respectively. [Ca?*]; was measured by fluorescence spectroscopy. Bar graph shows increases in [Ca?*]; cal-
culated from three separate determinations (n = 3). (d) Mouse cardiac endothelial cells from WT and S7P5~/~ mice were stimulated with HDL
(1 mg/ml), SPC (10 uM), or STP (10 uM), and Akt phosphorylation after 15 and 30 minutes was measured using phosphospecific antibod-
ies. In S7P57/~ endothelial cells, Akt phosphorylation was also measured after stimulation with serum for 30 minutes as a control to exclude
an overall inability of the cells to activate Akt.

To test the role of lysophospholipid S1P;_s receptors
in mediating the vasodilatory effects of HDL and the
HDL-associated lysophospholipids, we made use of
mice deficient in one of the two major S1P receptors in
endothelial cells, S1P; (the other major receptor, S1P;,
is embryonically lethal). We tested the effects of HDL,
SPC, S1P, and LSF on vasodilation in PE-precontract-
ed aortae from S1P; knockout mice (13, 14); the
vasodilatory effect of HDL was inhibited by 57% in
S1Ps-deficient mice (3.4 £ 0.4 mN;n=4; P < 0.01) com-
pared with WT mice (7.9 + 1.3 mN; n = 4; P <0.01) (Fig-
ure 6a), while the vasodilation induced by SPC, S1P,
and LSF, respectively, was completely abolished in
S1P;-deficient mice (Figure 6a). Basal contractile
responses to PE (10 pmol) in WT and S1P3-deficient
mice were similar (5.7 +0.9 mNvs. 5.9+ 1.1 mN;n =6
each). To exclude a generally impaired relaxation in
S1P;-deficient animals, we performed experiments with
acetylcholine and sodium nitroprusside over the com-
plete range of their vasoactive concentrations in WT
and SI1P;7~ mice and observed no impaired relaxation
(Figure 6b). Thus, we could exclude impaired relaxation

in response to all vasorelaxants as a general S1P;7/~ phe-
notype. Therefore, it appears that HDL-dependent
vasodilation is mediated to approximately 60% by S1Ps,
while vasodilation induced by SPC, LSF, and S1P is
mediated entirely through the S1P; receptor.

To test the effect of the S1P; lysophospholipid
receptor on [Ca?*]; increase and Akt phosphorylation
in endothelial cells in vitro, we isolated cardiac
endothelial cells from WT and S1P3 knockout mice.
The [Ca?']; elevation in S1P;-deficient endothelial
cells in response to HDL and SPC was reduced by
more than 50%, while that of S1P and LSF was com-
pletely abolished (Figure 6¢). Similarly, Akt phospho-
rylation in response to HDL, SPC, and S1P was severe-
ly reduced in S1Ps-deficient endothelial cells compared
with WT cells (Figure 6d).

A recent study has shown a vasodilatory effect of
female HDL but not of male HDL, and has implicated
HDL-associated estradiol for this difference. Therefore
we isolated individual HDL fractions from 11 male
(32.3 = 7.4 years old) and 8 female (30.6 + 4.8 years old,
no contraceptives) nonsmoking, healthy subjects and
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Figure 7

Male and female HDLs are equally potent at inducing vasodilation, and their effect is similarly reduced in S7P;7~ mice. Gender-specific STP
content in HDL. (a and b) Original tracings from (a) WT mice and (b) S7P;7/~ mice of relaxation responses to male and female HDL (0.1
mg/ml), respectively, following precontraction of thoracic aortic rings with PE (1 X 10-° mol/I, arrows). (¢) Cumulative findings (mean + SEM)
for maximal relaxation of male (n = 11) and female (n = 8) HDL in WT and S7P3~~ mice (*P < 0.05 vs. WT). There was no significant differ-

ence between male and female HDL by Mann-Whitney U test. (d) Quantification of STP in male (n = 11) and female HDL (n = 7).
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tested their effect on PE-precontracted WT mouse aottae.
Both male and female HDL (0.1 mg/ml) had a pro-
nounced vasodilatory effect in WT-mice without any sig-
nificant gender difference (male HDL: 5.8 + 1.0 mN
[48.0% + 9.0% of maximal PE-induced vasoconstriction],
n=11; female HDL: 7.0 £ 0.7 mN [58.6% * 6.1% of maxi-
mal PE-induced vasoconstriction], = 8) (Figure 7,a and
¢). We also observed no difference in the extent of Akt
phosphorylation by male and female HDL (data not
shown). In S1P37~ mice, the vasodilatory effect of both
male and female HDL was substantially reduced but
without significant difference: male HDL: 2.9 + 0.6 mN
(23.6% + 4.8% of maximal PE-induced vasoconstriction),
n=11;female HDL: 3.8 + 0.5 mN (31.7% + 4.1% reduction
of maximal PE-induced vasoconstriction, n = 8) (Figure
7,b and c). This corresponds to a reduction of vasodila-
tion of 49.0% + 16.5% for male HDL and 45.3% + 12.8%
for female HDL in SIP37~ mice compared with WT
mice. We also measured the S1P content in HDL from
11 male (33 + 7.5 years old) and 7 female (29 + 4.3 years
old) subjects (triplicate determinations) and did not
observe any statistically significant difference: male HDL
contained 300 + 30 pmol S1P/mg protein; female HDL
contained 456 + 56 pmol S1P/mg protein (Figure 7d).

Discussion

HDL-mediated vasodilation is entirely dependent on eNOS
and partially on Akt. Several clinical studies have demon-
strated a close association between plasma levels of
HDL and endothelium-dependent flow-mediated dila-

tion (32). Recently, administration of reconstituted
HDL was shown to restore abnormal endothelial func-
tion in hypercholesterolemic men (33). Several mecha-
nisms underlying the effects of HDL on endothelial
reactivity have been suggested, including synthesis of
vasorelaxing prostanoids such as prostaglandin E,
and/or I, by provision of arachidonic acid (34) as well
as activation of eNOS via SR-BI (7). In our study,
inhibitors of enzymes converting arachidonic acid to
its vasoactive derivatives failed to inhibit HDL-induced
vasorelaxation in isolated aortic segments. In contrast,
HDL-induced vasorelaxation was completely abolished
after pretreatment with L-NAME, an inhibitor of
eNOS, and was absent in aortas from eNOS-deficient
animals. Thus, the effects of HDL on endothelial reac-
tivity in our study were exclusively mediated by stimu-
lation of NO production via eNOS. The HDL concen-
trations we used are physiologically relevant, as 0.8-1.2
mg/ml HDL protein is equivalent to approximately
40-70 mg HDL cholesterol/dl.

NO release from the endothelium in response to
VEGF, estrogens, and IGF-1 is mediated by phospho-
rylation of eNOS at Ser!'”” by Akt, while protein kinase
A phosphorylates eNOS in response to laminar shear
stress (35-38). We previously reported that HDL pro-
tects endothelial cells against apoptosis by activating
Akt (11) and have identified, in the present study,
Ser!177 in eNOS as a phosphorylation target of HDL-
mediated Akt activation in HUVECs in vitro as shown
for other endothelial cells (8). Both eNOS phosphory-
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lation and NO-dependent arterial vasorelaxation in our
study were attenuated after inhibition of PI3K with
LY294002, suggesting that HDL activation of the
PI3K/Akt pathway leads to eNOS activation and NO
production. However, inhibition of the PI3K/Akt path-
way did not completely abolish HDL-mediated vasodi-
lation in isolated arteries (although it reduced it by
more than 50%), suggesting that other, Akt-independ-
ent pathways of eNOS activation by HDL exist. Activa-
tion of eNOS is primarily achieved by a rise in intracel-
lular Ca?* concentration, and the increase in [Ca?*]; has
been previously demonstrated to precede or even to be
a prerequisite of Akt-dependent eNOS activation and
NO-dependent vasorelaxation (21-23). Our observa-
tions that HDL stimulates [Ca?*]; increase and that the
inhibition of HDL-induced NO production can be
achieved by interfering with Ca?* mobilization strong-
ly argue that this may be another mechanism by which
HDL regulates NO production.

HDL and its lysophospholipid content are physiologically rele-
vant for vasodilation in vivo. HDLs are complex molecules
known to induce a multitude of intracellular signals for
which different components of HDL have been made
responsible. In the present study, we demonstrate that
three lysophospholipids contained in HDL, SPC, S1P,
and LSF potently relaxed PE-precontracted aortae
through activation of eNOS, while the HDL protein frac-
tion or purified apoAl had no effect. The lysophospho-
lipid concentrations effective in inducing vasodilation
are likely to be provided in vivo by plasma HDL: accord-
ing to our data, one mg of HDL contains 287 + 17 pmol
S1P (similar to previously published values; ref. 26) and

290 + 20 pmol SPC. In dose-response curves performed
in isolated arteries, 50% of the maximal relaxation is
achieved in the range between 0.1 and 1 UM of the indi-
vidual lysophospholipid. The physiological concentra-
tion of 1 mg/ml HDL used in our study corresponds to
approximately 0.58 nM bioactive, similarly effective
lysophospholipids (S1P and SPC together). When
injected in vivo, 1 mg HDL and 200 nmol of each
lysophospholipid induced a significant decrease in
MAP. In vivo, additional aspects may also be relevant:
(a) several of the vasoactive lysophospholipids con-
tained in HDL would work together in achieving vaso-
dilation, and (b) the S1P; receptor would encounter the
whole HDL particle with its total load of lysophospho-
lipids, resulting in a much higher biologically active
concentration at the single receptor level compared
with lysophospholipids in solution.

The vasodilatory effect of HDL is partially mediated by its
S1P, SPC, and LSF content acting via the S1P3 lysophospho-
lipid receptor. Bioactive lysophospholipids such as S1P
and SPC mediate a variety of physiological processes
by binding to their cognate G protein-coupled recep-
tors from the lysophospholipid receptor family
(28-31, 39). Among these processes, angiogenesis and
promotion of endothelial cell survival have been
shown to depend on the activation of Akt. Recently,
S1P was demonstrated to induce Akt activation, eNOS
phosphorylation, and NO production in endothelial
cells (21, 22, 27). Both S1P and SPC interact with sev-
eral lysophospholipid receptors such as S1P; S1P 3,
and S1Ps, which are all expressed in endothelial cells
(40-42). These receptors couple to trimeric G proteins,
including Gj (29-31, 43). In addition, SPC has been
reported to activate three other G protein-coupled
receptors, the ovarian cancer G protein-coupled recep-
tor-1 (OGR-1), GPR4, and G2A, and shares these with
lysophosphatidylcholine, although the ligand identi-
ties of these receptors is currently ambiguous (44). The
effects of HDL and HDL-associated lysophospholipids
on Akt activation, eNOS activation, and NO release in
HUVECs were inhibited by PTX, suggesting the
involvement of a PTX-sensitive G; protein in vitro. In
isolated aortic segments, the vasodilatory effects of
SPC, LSF, and S1P were completely abrogated in aor-
tae from S1P;-deficient animals, suggesting that this
particular lysophospholipid receptor completely medi-
ates the vasodilatory effect of all three compounds. As
the increase in [Ca?*]; and Akt phosphorylation were
either completely abolished (S1P and LSF) or sub-
stantially reduced (SPC), both major mechanisms of
eNOS activation appear to be mediated by S1P;. This
is in agreement with two other studies that have impli-
cated S1P;in Akt activation and NO production,
respectively (45, 46). The failure of S1P to increase
[Ca?]; and activate phosphatidylinositol-specific
phospholipase C, another target of HDL-triggered
intracellular signaling (18), has been reported previ-
ously for embryonic fibroblasts from S1P;-deficient
mice (47). Thus, we suggest that the specific part of the
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vasodilatory effect of HDL that was lost in S1P3-defi-
cient animals (~50%) is attributable to its SPC, S1P,
and LSF content acting via the S1P; receptor.

Itis crucial to emphasize that there is a pronounced dif-
ference in the arterial response to lysophospholipids that
depends on whether the artery has been precontracted (as
in our case by PE) or not. In the first case, S1P and SPC
induce vasodilation, as supported by all our data. In the
latter case (effect on basal arterial tone), S1P and SPC
induce vasoconstriction (data not shown), which is in line
with several publications on S1P in the literature (48, 49).
The vasodilatory effect on precontracted aortae was
much more pronounced than the vasoconstrictive effect
on nonprecontracted aortae (~8 mN vs. ~1 mN; Figure 6a
and data not shown). Most importantly, the vasocon-
strictive effect was independent of S1P;3, as it was not dif-
ferent between aortae from WT and S1P; knockout ani-
mals (data not shown). The further augmentation of
vasoconstriction by S1P in PE-precontracted aortae from
S1P57~ or eNOS7~ mice (Figures 6a and 3c) suggests that
S1P has a dual action: it contracts arteries under basal
conditions (but not via S1Ps) and mediates vasodilation
(via S1Ps) in the case of increased arterial tone. This
appears to be mediated by at least two different pathways:
one impacting on endothelial cells (as in our study) and
another on VSMCs, and these effects may differ among
different vascular beds (48).

Alternative and putatively cooperative mechanisms of HDL-
induced eNOS activation. In contrast to the complete loss
of eNOS activation by lysophospholipids in S1P5-defi-
cient animals, the vasodilatory response to HDL,
although substantially inhibited (by ~60%), was not
completely abrogated. Other HDL-mediated effects,
besides resulting in eNOS and/or Akt activation, may
account for the remaining part of HDL-induced eNOS-
dependent vasodilation. Shaul and coworkers have
shown that HDL-induced eNOS activation is critically
dependent on the binding of HDL to the SR-BI (7), and
that Src, Akt, and MAPK signaling via SR-BI contribute
to eNOS activation (8). However, the authors reported
that the major SR-BI protein ligand of HDL, apoAl,
failed to activate eNOS (similar to results of our study),
while an antibody against the cytoplasmic C-terminus of
SR-BI inhibited the ability of SR-BI to stimulate eNOS
(8). Lysophospholipids are amphipathic molecules, and
their ability to diffuse freely between HDL and the cell
surface may be limited. Therefore, the interaction of
HDL with SR-BI could provide the necessary spatial
proximity for SPC, S1P, and LSF to effectively stimulate
S1P;. A model of SR-BI and S1P; cooperation in HDL-
induced signaling is proposed in Figure 8. However, it is
important to note that our data neither exclude direct
activation of S1P; via lysophospholipids within the HDL
complex nor indirect mechanisms of S1P production/
release, which could also activate S1Ps.

In contrast to studies suggesting a role for Akt in
eNOS activation by HDL, Smart and coworkers recent-
ly described that HDL binding to SR-BI stimulated
eNOS via an increase in intracellular ceramide without

an increase of [Ca?']; or Akt activation (24). In a different
study, the same authors showed that female but not
male HDL activated eNOS and promoted vasodilation,
which they attributed to HDL-associated estradiol (50).
In our study, we did not observe any differences in the
vasodilatory effect between male and female HDL, and
there was no gender difference in the S1P content. Pos-
sible explanations may be the different source of arteries
used (femoral arteries vs. aortae in our study) and the dif-
ferent precontraction stimulus (S-hydroxytryptamine vs.
PE in our study). This may also contribute to the sub-
stantial differences in both the magnitude of vasodila-
tion by HDL and ECsy values. A number of studies
strongly support an important role of estrogens in
vasodilation. However, the estradiol concentrations
shown to be effective in a physiologically relevant range
(107 to 10-8 mol/l) are several orders of magnitude high-
er than the concentrations of HDL-associated estradiol
sufficient for maximal vasodilation in the study by
Smart et al. Clearly, several mutually nonexclusive mech-
anisms may account for the vasodilatory effects of HDL
under different experimental conditions. Interestingly,
recent findings suggest that plasma membrane estrogen
receptors activate eNOS via Akt (51) and that they are
biologically coupled to eNOS through Gy (52). This has
led to the suggestion that crosstalk exists between estro-
gen receptors and a G protein-coupled receptor that sig-
nals via G (53). An excellent candidate emerging from
our data would be the S1P; lysophospholipid receptor.

The observation that S1P;5 acts as a functional HDL
receptor and that lysophospholipids mediate an impor-
tant part of its vasodilatory effect raises exciting ques-
tions about the role of lysophospholipid receptors in
the antiatherogenic activity exerted by HDL. Several
potentially antiatherogenic effects have been attributed
to lysophospholipid receptor signaling in vitro such as
preservation of endothelial cell integrity, induction of
endothelial cell migration, and eNOS activation (54).
However, little information is available on lysophos-
pholipid receptor regulation and function in human
atherosclerosis and in animal models of the disease.
Furthermore, no studies on the lysophospholipid con-
tent of HDL in patients with atherosclerosis or coro-
nary artery disease have been conducted to date. Such
studies may help elucidate the role of lysophospho-
lipids and their receptors in HDL-mediated atheropro-
tection and reveal new perspectives in the prevention
and treatment of clinical atherosclerosis.
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